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Summary * .' 

Spatial and immunochemical elucidation of hepatitis B core antigen suggestec 
unique organization of its major immunodominant region (MIR) localized 
within the central part of molecule around amino acid residues 74-83 Thi^ 
superncial loop was recognized as the most prospective target for the insertion 
of foreign epitopes ensuring maximal antigenicity and immunogenicity of the 
latter. MIR allowed a substantial capacity of insertions up to about 40 amino 
acid residues without loss of the capsid-forming ability of core particles Vec- 
tor capacity as well as structural behavior and immunological fate of inserted 
epitopes were dependent on their primary structure. Special sets of display 
vectors with retained but cross-sectioned MIR as well as with uni- and bidircc- 
tionally shortened MIR have been investigated. 



Introduction 

Hepatitis B core antigen (HBcAg) which was one of the 
Hrst models of 'display vectors' for particle usage as vac- 
cine carriers [1-5] attracted special interest from the 
viewpoint of its three-dimensional and immunological 
structure. According to early modelling data [6], the cen- 
tral part of the HBcAg molecule including amino acid res- 
idues 72-88 and predicted as a nonstructured loop Has 
been used successfully for insertion of foreign peptide 
sequences ranging in length from 3 to 41 amino acid resi- 
dues [5, 7-12]. Insertion.s have been done into the pro- 

mSo ^? "^^"^ '^^P^'i^'s B core antigen 

tuHBcAg) contained nonhomologous insertion of 39 
ammo acid residues [6], and namely between amino acid 
residues 77 and 78, 78 and 79 [Borisova et al., ...npubl. 
data], 8 1 and 82 (7, 8, 1 2J. 82 and 83 { 1 3] as well as within 



gaps 75-8 1 (5, i I], 78-81 1 1 0] and 78-82 f9). It was hard- 
ly surprising that obtained chimeric core particles pre- 
sented foreign epitopes on thcirsurfaceand elicited strong 
B cell and Th cell responses against them, since the mole- 
cule region 74-83 was found in immunological investiga- 
tions as presenting main HBcAg and hepatitis B e antigen 
(HBeAg) epitopes cl and el, respcctivclv f 14). Wc desig- 
nated this part of the molecule as a major immunodomi- 
nant region (MIR) and concentrated our interest in its 
investigation on the combination of (IJthe structural high 
resolution technique and (2) immunochemical methods 
of HBcAg epitope mapping. Although HBcAg still lacks 
an X-ray structure, recent electron cryomicroscopy (15j 
and epitope mapping f 16) data are steps in the direction 
of the elaboration of the finest exposure strateev of foreien 
epitopes within HBcAg MIR. 
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Fig. 1. General scheme of epitope dis- 
play within MIR of HBcAg. The spikc-Iikc 
structure and dimensions of dimcric basnl 
unit of HBcAg arc taken from electron 
cryomicroscopy data ( 1 5]. Disullldc bonding 
between monomers is also indicated [23). 
Homology-bascd prediction of MIR as a 
nonstructurcd loop 72-88 is shown accord- 
ing to Argos and Fuller [6J. Two model epi- 
topes used for construction of universal dis- 
play vectors arc presented at the top. Num- 
bers of V3 loop amino acid residues bound- 
ing the shortened epitope used by us (sec 
tabic I) are marked. PreSI amino acid resi- 
dues in brackets stand for add itional, but not 
obligatory elements of the epitope. 
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Spatial Structure of HBcAg 

First homology-based modelling of the HBcAg mole- 
cule adopted it to a T = 3 structural symmetry [6] confirm- 
ing in principle early electron microscopy data [17] and 



served for a long time as an initial approximation of its 
structurally important regions (fig. 1). Recent electron- 
cryomicroscopic and image-processing investigations of 
the three-dimensional structure of core particles revenlcd 
two alternative pathways of molecule self-assembly intr. 
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T = 3 and T = 4 dimer-clustered packings, containing 1 80- 
and 240-protcin subunits and being approximately 30 
and 34 nm in diameter, respectively [15], The three- 
dimensional map compute^ frpm images of small parti- 
cles showed 90 protruding spikes and the corresponding 
map for the large particle showed 120 protruding, spikes, 
both dimer-clustered. The arrangement of the holes 
means that the putative protein dimer has the shape of the 
head of a hammer with the protruding spike forming the 
^handle' and the wedges of the shell domain extending 
towards the centers of the rings of 6 or 5 dimers forming 
the head [1 5]. 



19], but concentrated curefTorts finally on MIR [9]. Since 
39 C-terminal amino acid residues were found to be dis- 
pensable for self-assembly, we decided upon full-length 
and C-terminally truncated, so-called HBcA, carriers in 
favor of the latter (fig. 2). Among the advantages of HBcA 
the most important were (1) high level synthesis in 
Escherichia coli cells and (2) appearance as empty shells 
due to low affinity to nucleic acids, although HBcA were " 
less stable than the corresponding full-length protein par- 
ticles. 



Specialised Display Vectors 



Localization of Proper HBcAg Epitopes 

In parallel with the determination of the spatial struc- 
ture of the core particle [ 1 5], an attempt was made to map 
the surface of HBcAg particle with a . set of monoclonal 
antibodies targeted to definite linear epitopes in an 
ELISA competition assay [16]. The competition tech- 
nique was chosen, because other standard ELISA meth- 
ods using support-bonded or antibody-captured aniigens 
led in our hands to an overestimation of the surface acces- 
sibility of original and/or inserted epitopes, possibly on 
account of partial disassembly of the capsids on the solid 
phase. As a result, amino acid residues 78-83 within the 
proposed MIR were found truly surface-exposed in native 
particles. Almost all polyclonal, human as well as hyper- 
immune, and monoclonal anti-HBc antibodies which nor- 
mally failed to recognize HBcAg peptides, or its disassem- 
bled and denatured forms, competed with monoclonal 
antibodies mapped against MIR [16. 1 8]. Therefore, clear 
evidence of (1) a unique superficial localization of MIR 
and (2) outstanding importance of its conformation re- 
garding antigenicity and immunogen icily were obtained. 
It may be safely suggested that localization of MIR includ- 
ing so-called cl and el epitopes [14] is connected in some 
way with protruding T-nm-long spikes found bv Crowther 
etal.(15J(fig. 1). 



Insertion Strategy 

Wc started our experiments of presenting viral epi- 
topes on HBcAg with C-terminal insertions, using posi- 
tion 144 which was located dose to the HBeAg border at 
positions 147 or 149 and seemed therefore spatially and 
functionally important (2, 4J. We also tried to examine 
positions 31, 96, 109 and 131-132 as potential targets 



Vectors are usually designed by the introduction of 
unique restriction sites into a chosen gene region or into 
two or more different regions allowing the simultaneous 
msertion of foreign, epitopes into more than one target. 
We combined this approach with the immunological 
marking of possible insertion sites by the introduction of 
short polylinkers encoding 4- to 5-amino-acid-residue- 
long epitopes, sufficient for recognition by well-defined 
monoclonal antibodies (fig. 2). Such epitopes were re- 
ferred to by us as 'immunological markers', and as the 
first of their kind epitope DPAF and its longer variants 
DPAFR and DPAFRA [20] recognized by murine mono- 
clonal anti-presSl antibody MA18/7 [21] were intro- 
duced these markers were surrounded by unique restric- 
tion sites allowing (1) substitution of 'immunological 
marker' for the desired epitopes and (2) construction of 
further 'universal carriers' with shortened MIR. 

In order to construct such 'universal carriers' having 
diminished or totaUy abolished HBc antigenicity and im- 
munogenicity and enhanced vector capacity, we created a 
set of HBc genes with MIR. shortened by controlled uni- or 
bidirectional Bal31 digestion, but containing the appro- 
priate 'immunological markers' (fig. 2). Such MIR-short- 
ened HBc variants of different lengths which retained their 
capability for (I) high-level synthesis in £. ^o//and (3) self- 
assembly were selected for further use in protein-engineer- 
ing and immunological studies. They may be used for crea- 
tion of multivalent particles by simultaneous insertion of 
foreign sequences at MIR and amino acid position 144 
where another polylinker remained. 

Table 1 presents a summary of the MiR-inserted con- 
structions that have been made so far in our laboratory. 
The capacity of vectors is relatively high, the larsest 
mserted epitopes, domain of HBsAg and V3 loop of 
HIV- J gpi20, are aboui one third in length of (he vector 
itself. 
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Fig. 2. Schematic structure of a family or 
5cAg universal display vectors. Polylink- 

inserted at positions 78 and 144 arc 
pitted as nucleotide and corresponding 
plide sequences. 'Jnfimunologicai marker' 
•resented by HBV preSl MAI8/7-rccog- 
cd epitope is highlighted. Three groups of 
i31-shortened display vectors (I) without 
lope insertions, (2) with preSl epitope 
ertcd. and (3) with V3 loop inserted are ^ 
iwn as summarized. 
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Table 1. Immunolosical properties of ch imeric core particles with foreign insertions at MIR 

7?* ' " 



Oofic Ji- 'Epitope ' '^r 



Aniigcnicfiy' 
HBcAg epitope 



\Ul\6 preSl(3l-36) 
2-19 prcSl(3I-35) 



BccU -XJ:}-; '^ :'' 
: immtinogenic ity* 

anli-HBc anti- 

epitope 



Tcell 

immunogcnicity^ 
HBcAg' epitope 



..E77 DPAFRAq D7S... PJ44 awarvin- 
...D78 hvDRAFRyvd P79«.P14^ awwvin* 



XL\.. pr»MJl-J3j ...D78 hvDPAFRyvdP79..Pl4^awwvin- 

CHS 19 HBsAg( J 11-149) ...D78 qfPGSSTTSTGPCRTCrTPAQGT^ 

MYPSCCCTKPSOGNrCTC R82.. 



7 (7) 
10(7) 
41(7) 



yes 

no 



06-1 



...P]44 awarvin* 
HBjAgd I I.I49) ...D78 qfPGSSTTSTGPCRTCTTPAQGTS 
M YPSCCCTKPSDGNCTC R82^... 
prcS2(|-54) ...P144 kfsiqaMQWNSTTFHQTLQDPRV 
(C-lcrnunany) RGLYFPaCGSSSGTVNPVPTTV 
SPISSIFSRIGDPALknshqds' 



41 (68) no 



yes 
yes 
yes 



yes 



+++ 
NT 
++ 



+ 

m 
++ 



NT m 



NT NT 



78-6 



gpl 20(366-328), ...D78 h WKRKRIHIGPGR.AFyTTKNI 
subtype MN iGvd p79-. 

...PI44 awarvin* 



26(7) 



yes yes 



NT 



?srr 



Peptide sequences detincaie toiot number of inserted amino add re<iH..« WRr a« i a Z ~ " — 

non epitope random sequences on the gene junctSns arTshor^^^ 
Thelengthof peptide sequencesaddedWrn^inXs^^^^^^^^^^^ 

Antigenicay was deterrnined using the double radial immunodifTusi^ 

Amibodyiiteriniherangcof lOMo !0«(^++).5 x lOMo I0'(+*)and2 ^^^q'^^^^^ 

Tecll proliferation index (todays after immunizalion) in the range of 15-25 (.4*)^nd 2 5,5%). 



Antigenicity 

Antigenic features of proper and inserted sequences 
are inevitably dependent upon their superficial accessibil- 
ity and correct conformation. In contrast to C-terminal 
inscnions, internal MIR-inserted epitopes were unambig- 
uously characterized as located on the surface of chimeric 
particles. This statement was verified not only by direct 
antigen-bonded or antibody-captured ELISA and immu- 
nogold electron microscopy, but also by competitive 
ELISA which made it possible to discriminate between 
•fully' and 'partially' exposed epitopes. Internal insertions 
into MIR seemed to be optimal immunologically because 
they provided (1) the highest.possible epitope density on 
the surface of chimeric core particle and (2) the necessary 
epitope mobility to achieve its correct conformation. The 
mtemal loop was used therefore not only for the exposure 
of Jmear epitopes, but also for mimicking of typically con- 
formational epitopes such as, for example, determinant 
a of HBsAg (table 1). Although HBs antigenicity of chi- 
meras was significantly lower than that of native particu- 
late HBsAg, this finding pioneered the possibility of anifi- 
cial modelling of conformational epitopes. It is worth 
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noticing that determinant *a' sequence added to position 
144 of the HBcAg molecule was unable to mimick HBsAg 
(22). ^ 

Dissection of the major cl epitope resulted in declined 
HBcantigenicity(and immunogenicity). In this regard the 
deletion variants of MIR are of particular interest. At- 
tempts were made to insert simultaneously two different 
epitopes into different HBc protein target regions Chi- 
meras exposing HBsAg determinant 'a' internally and 
preS2 C-terminally were found antigenic for both inserts 
(table 1). 



B Cell Immunogenicity 

Like antigenic properties. B cell immunogenicity of 
inserted epitopes seemed to be strongly dependent upon 
iheir superficial location. It stood to reason that insertion 
of foreign epitopes at MIR allowed a higher antiepitope 
response in comparison with other insertion targets stud- 
ied [5, 7-13]. In spite of dissection of MIR, chimeric par- 
ticles constructed without deletion of proper amino acid 
residues m MIR induced nevertheless strong anti-HBc 
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response (table 1). As in the caseof C-terminal insertions, 
HBcAg-specific antibodies induced by chimeric particles 
competed with polyclonal human and hyperimmune anti- 
HBc antibodies and were targeted therefore to the confor- 
mational cl epitope (table 1). The situation changed when, 
some MIR amino acid residues were deleted. In the case 
of the insertion of the HBsAg *a* epitope accompanied by 
a deletion of amino acids 79-PIS-81, induced anti-HBc 
antibodies did not compete with polyclonal anti-HBc 
antibodies and were targeted therefore to HBcAg regions 
other than the cl epitope [9]. Preliminary investigations 
of MIR-shortened variants (fig. 2) strengthened our idea 
lOf chimeric core particles devoid of major HBc immuno- 
genicity. As in the case of C-terminal insertions, internally 
inserted epitopes ensured strong antibody response only 
in the capsid, but not in the denatured form. 



T Cell Immunogenicity 

Since the T cell immunogenicity of inserted epitopes 
leeds not be exclusively dependent upon their surface 
iccessibility. it was of direct interest to compare the 
tppropriate capacities of interna! and C-terminal inser- 
ions, As illustrated in table I, chimeric core particles 
-nsurcd strong HBc-spccific T cell help, when all MIR 
mino acid residues were conserved (clone H-1 16). but 
)ehaved as weak T immunogcn in the case of 79-PIS-8I 
lelction (clone GHS!9). It is noteworthy that short inlcr- 
lal insertion of 6 amino acid residues (clone 11-116) 



ensured a remarkable T cell response, like the longer 
HBsAg 'a' epitope (clone GHS19) which induced a T cell 
response not only to the appropriate HBsAg peptide but 
also to native HBsAg.. Therefore, internal insertions pro- 
vided some epitope-specific T cell help but did not show 
any advantages in comparison with C-terminal insertions 
in this respect [9]. 



Conclusions 

There are good reasons to believe that amino acid resi- 
dues 74-83 involved in the HBcAg major immunodomi- 
nant region are localized superficially on 7-nm-long pro- 
truding spikes of core particles revealed recently by elec- 
tron crj'omicroscopy. These amino acids play an impor- 
tant role in the architecture of the conformational cl epi- 
tope of HBcAg and determine most immunological prop- 
erties of the latter. It is not surprising that this sequence 
predicted as a nonstructured loop shows considerable 
promise for the insertion of foreign epitopes. In fact, inter- 
nally inserted epitopes show maximal antigenicity as well 
as B and T cell immunogenicity in comparison with other 
insertion targets. Existing display vectors exhibit inser- 
tion capacity sufTicient for mimicking of the architecture 
of not only linear but also conformational epitopes. Con- 
struction of special sets of display vectors with shortened 
MIR allowed us to start with core particles having dimin- 
ished or cleared proper HBcAg antigenicity and immuno- 
genicity. 
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